Hydrogen-bonded chains in 3,5-bis(4fluorophenyl)-1-phenyl-1H-pyrazole and complex hydrogen-bonded sheets in (5RS,6SR)-6
Introduction
Pyrazole derivatives occupy an important position in the design and synthesis of novel biologically active agents, as they display a wide range of biological activities, such as antitumour, antibacterial, antifungal, antiviral, antiparasitic, antitubercular and insecticidal properties (Hes et al., 1978; Grosscurt et al., 1979; Amir et al., 2008) . Some of these compounds also display anti-oxidant, anti-inflammatory and analgesic properties (Amir & Kumar, 2005; Sarojini et al., 2010) . Oxadiazines are also associated with a variety of biological activities, including antibacterial, cardiovascular, plant-growth regulating, insecticidal, acaricidal, anticonvulsive, miticidal and nematocidal activities (Kornet, 1996; Khan et al., 2002) . 6-(4-fluorobenzoyl)-5-(4-fluorophenyl)-2-(4-hydroxyphenyl)-5,6-dihydro-4H-1,3,4-oxadiazine is formed, which on crystallization from N,N-dimethylformamide (DMF) forms a stoichiometric monosolvate, (II). The synthesis of a reduced analogue of (I), namely 3,5-bis(4-fluorophenyl)-1-phenyl-4,5dihydro-1H-pyrazole, (III) (see Scheme), prepared by a cycloaddition reaction between 1,3-bis(4-fluorophenyl)prop-2-en-1-one and phenylhydrazine, has recently been described (Jasinski et al., 2010a) . The purposes of the present study are: (i) the confirmation of the molecular constitutions of (I) and (II), in particular both the regiochemistry of the formation of the oxadiazine component (IIa) as opposed to the alternative isomeric form (IIb) (see Scheme); (ii) the stereochemistry of this component; (iii) the exploration of the supramolecular assembly in both (I) and (II); (iv) the comparison of (I) with its reduced analogue, (III).
Experimental

Synthesis and crystallization
For the synthesis of (I), a mixture of (2RS,3SR)-2,3-dibromo-1,3-bis(4-fluorophenyl)propan-1-one (4.04 g, 0.01 mol), phenylhydrazine (1.08 g, 0.01 mol) and triethylamine (3 ml) in ethanol (20 ml) was heated under reflux for 6 h. The reaction mixture was then cooled to ambient temperature and poured into ice-cold water. The resulting precipitate was collected by filtration and purified by recrystallization from ethanol, at ambient temperature and in the presence of air (yield 71%, m.p. 341-343 K) . IR (KBr, , cm À1 ): 3061 (Ar-H), 1597 (C N), 1219 (C-F); 1 H NMR (DMSO-d 6 ): 7.16 (s, 1H, pyrazole-H), 7. 13H, ; LCMS: m/z 333.1 (M + + 1). Analysis found : C 75.8, H 4.2, N 8.4%; C 21 H 14 F 2 N 2 requires: C 75.9, H 4.2, N 8.4%.
For the synthesis of (II), a mixture of (2RS,3SR)-2,3-dibromo-1,3-bis(4-fluorophenyl)propan-1-one (4.04 g, 0.01 mol), 4-hydroxybenzohydrazide (1.52 g, 0.01 mol) and triethylamine (3 ml) in ethanol (15 ml) was heated under reflux for 8 h. The reaction mixture was then cooled to ambient temperature and poured into ice-cold water. The resulting solid was collected by filtration, dried and recrystallized from ethanol to give the solvent-free form (IIa) (yield 64%, m.p. 484-487 K) . IR (KBr, , cm À1 ): 3267 (OH), 3074, 2937 (CH 2 ), 1658 (C O), 1593 (C N), 1215 (C-F); 1 H NMR (DMSO-d 6 ): 4.33 (d, 1H, CH), 6.15 (d, 1H, CH), 6.90 (s, 1H, NH), 6.72-8.03 (m, 12H, Ar-H), 9.64 (s, 1H, Ar-OH); LCMS: m/z 394.8 (M + + 1). Analysis found: C 67.7, H 4.0, N 7.1%; C 22 H 16 F 2 N 2 O 3 requires: C 67.0, H 4.1, N 7.1%. Crystals suitable for single-crystal X-ray diffraction were grown by slow evaporation, at ambient temperature and in the presence of air, of a solution in DMF, yielding the monosolvate (II).
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . All H atoms were located in difference maps and then treated as riding atoms. C-bound H atoms were treated as riding in geometrically idealized positions, with C-H = 0.95 (aromatic and pyrazole), 0.98 (CH 3 ) or 1.00 Å (aliphatic C-H), and with U iso (H) = kU eq (C), where k = 1.5 for the methyl groups, which were permitted to rotate but not to tilt, and 1.2 for all other C-bound H atoms. The Nor O-bound H atoms in (II) were permitted to ride at the positions located in difference maps, with U iso (H) = 1.2U eq (N) or 1.5U eq (O), giving N-H and O-H distances of 0.91 and 0.92 Å , respectively. It was apparent that the DMF component in (II) was disordered over two sets of atomic sites with similar occupancies. The bond distances and the one-angle nonbonded distances in the minor orientation were constrained to be identical to the corresponding distances in the major orientation, subject to uncertainties of 0.01 and 0.005 Å , respectively, and the anisotropic displacement parameters of pairs of atoms occupying the same approximate volume of physical space were constrained to be equal. Under these conditions, free refinement of the site occupancies gave values of 0.552 (9) and 0.438 (9), respectively; accordingly, these occupancies were thereafter constrained to sum to unity, giving final values of 0.557 (10) and 0.443 (10).
Results and discussion
In (I) ( Fig. 1 ), the bond distances in the pyrazole ring (Table 2) provide evidence for some aromatic-type delocalization. Thus, the distances N1-C5 and N2-C3 differ by only ca 0.03 Å , even though these bonds are formally single and double, respectively. Similarly, the distances C3-C4 and C4-C5 differ by only ca 0.03 Å , although again these are formally single and double bonds, respectively. The molecular conformation of (I) can be specified in terms of three torsion angles (Table 2) defining the orientations of the three aryl rings relative to the central pyrazole ring. The dihedral angles between the planes of the pyrazole ring and those of the three aryl rings containing atoms C11, C31 and C51 are 55.88 (9), 23.69 (9) and 52.08 (9) , respectively. The molecules of (I) therefore exhibit no internal symmetry and they are thus conformationally chiral, although the centrosymmetric space group accommodates equal numbers of the two conformational enantiomers.
Compound (II) crystallizes as a monosolvate with DMF ( Fig. 2) , in which the DMF component is disordered over two sets of atomic sites having similar but non-identical occupancies, viz. 0.557 (10) and 0.443 (10), respectively (see Refinement, x2.2). There are two stereogenic centres in the oxadiazine component at atoms C5 and C6. The reference molecule was selected as one having the R configuration at atom C5 and, on this basis, the configuration at atom C6 is S. The centrosymmetric space group confirms that the oxadiazine component is present as a racemic mixture of the (5R,6S) and (5S,6R) diastereoisomers, as expected from the (2RS,3SR) stereochemistry of the dibromopropanone precursor. The ring-puckering parameters (Cremer & Pople, 1975) , calculated for the atom sequence O1-C2-N3-N4-C5-C6, are Q = 0.5044 (15) Å , = 53.24 (16) and ' = 238.0 (2) . For an idealized envelope conformation, the ring-puckering angles (Boeyens, 1978 ) are = 54.7 and ' = (k Â 60) , where k represents an integer. The oxadiazine ring thus has an envelope conformation and the ring is folded across the line N4Á Á ÁC6. The distances within the oxadiazine ring (Table 3) are fully consistent with its oxidation level, with a clear distinction between the single and double C-N bonds, viz. N4-C5 and C2-N3, respectively. The molecules are thus The molecular structure of (I), showing the atom-labelling scheme. Displacement ellipsoids are drawn at the 30% probability level. Table 2 Selected geometric parameters (Å , ) for (I).
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Figure 2
The independent molecular components of (II), showing the (5R,6S) diastereoisomer of the oxadiazine component, the atom-labelling scheme and the O-HÁ Á ÁO hydrogen bond (dashed line) to the major orientation of the DMF component. The occupancies of the two DMF orientations are 0.557 (10) and 0.443 (10). Displacement ellipsoids are drawn at the 30% probability level. Table 3 Selected geometric parameters (Å , ) for (II).
89.51 (16) conformationally chiral, as well as configurationally chiral. The isolated yield of this component indicates that the isomeric form shown in (IIa) is, at the least, the dominant product, as opposed to (IIb), although the formation of a small proportion of this alternative isomer cannot be ruled out. The molecules of (I) are linked by a single C-HÁ Á Á(arene) hydrogen bond (Table 4) . Molecules related by the c-glide plane at y = 1 2 are linked into a chain running parallel to the [001] direction ( Fig. 3 ). Four chains pass through each unit cell but there are no direction-specific interactions between adjacent chains. Despite the presence of three independent aryl rings, no aromaticstacking interactions are present in the crystal structure of (I).
The supramolecular assembly of (II) is considerably more complex than that in (I). The independent molecular components are linked by O-HÁ Á ÁO hydrogen bonds (Table 5 and Fig. 2 ), but the DMF component is not involved in any other direction-specific intermolecular interactions, and its role may be principally that of occupying otherwise void spaces within the structure defined by the oxadiazine component. A combination of N-HÁ Á ÁN and C-HÁ Á ÁO hydrogen bonds (Table 5 ) links the oxadiazine molecules into complex sheets, from which the DMF molecules are simply pendent, and the formation of the sheet structure is readily analysed in terms of two simple substructures (Ferguson et al., 1998a,b; Gregson et al., 2000) .
In the simpler of the two substructures, two inversionrelated oxadiazine molecules are linked by symmetry-related N-HÁ Á ÁN hydrogen bonds to form a cyclic centrosymmetric dimer characterized by an R 2 2 (6) (Bernstein et al., 1995) motif (Fig. 4) . The reference dimer is centred at ( 1 2 , 1 2 , 1 2 ) and this finite zero-dimensional substructure can be regarded as a key building block in the sheet formation. In the second substructure, which is one-dimensional, oxadiazine molecules which are related by the 2 1 screw axis along ( 1 2 , y, 1 4 ) are linked by two independent C-HÁ Á ÁO hydrogen bonds to form a C(5)C(7)[R 1 2 (6)] chain of rings running parallel to the [010] direction (Fig. 5 ). The combination of these two substructures has the effect of directly linking the reference R 2 2 (6) dimer centred at ( 1 2 , 1 2 , 1 2 ) to the four symmetry-related dimers centred at ( 1 2 , 0, 0), ( 1 2 , 1, 0), ( 1 2 , 0, 1) and ( 1 2 , 1, 1), so leading to the formation of a sheet lying parallel to (100) ( Fig. 6 ). Just one sheet of this type passes through each unit cell and the DMF components are pendent from it, on the outer faces of the sheet, while the hydrogen bonds linking the oxadiazine components lie in the central portion of the sheet (Fig. 7) . Part of the crystal structure of (II), showing the formation of a cyclic centrosymmetric R 2 2 (6) dimer. Hydrogen bonds are shown as dashed lines. For the sake of clarity, the unit-cell outline, the DMF components and H atoms not involved in the motif shown have been omitted. Atoms marked with an asterisk (*) are at the symmetry position (Àx + 1, Ày + 1, Àz + 1).
Table 4
Hydrogen-bond geometry (Å , ) for (I).
Cg1 represents the centroid of the C11-C16 ring.
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Figure 5
A stereoview of part of the crystal structure of (II), showing the formation of a C(5)C (7)[R 1 2 (6)] chain of rings running parallel to the [010] direction and built from C-HÁ Á ÁO hydrogen bonds, shown as dashed lines. For the sake of clarity, the DMF components and H atoms not involved in the motif shown have been omitted.
Figure 3
A stereoview of part of the crystal structure of (I), showing the formation of a chain parallel to [001] built from C-HÁ Á Á(arene) hydrogen bonds (dashed lines). For the sake of clarity, H atoms not involved in the motif shown have been omitted.
There are several interesting differences between (I), reported here, and its reduced analogue, (III) (Jasinski et al., 2010a) . Firstly, (III) crystallizes in the space group P2 1 /c, whereas (I) crystallizes in C2/c. Secondly, the heterocyclic ring in (III) is folded into an envelope conformation across a line corresponding to N1Á Á ÁC4 in (I), while the corresponding ring in (I) is planar. Lastly, the molecules of (III) are linked by two independent C-HÁ Á Á(arene) hydrogen bonds to form sheets parallel to (102), in contrast with the chains formed in (I).
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Figure 6
A stereoview of part of the crystal structure of (II), showing the formation of a hydrogen-bonded sheet parallel to (100). Hydrogen bonds are shown as dashed lines. For the sake of clarity, the DMF components and H atoms not involved in the motifs shown have been omitted.
Figure 7
A projection, along [010], of part of the crystal structure of (II), showing a cross-section of the (100) sheet with the hydrogen bonds linking the oxadiazine molecules in the central portion of the sheet and the DMF components on the outer faces of the sheet. Hydrogen bonds are shown as dashed lines. For the sake of clarity, H atoms not involved in hydrogen bonding have been omitted. Table 5 Hydrogen-bond geometry (Å , ) for (II). Symmetry codes: (i) Àx þ 1; Ày þ 1; Àz þ 1; (ii) Àx þ 1; y þ 1 2 ; Àz þ 1 2 .
sup-1
Acta Cryst. Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 ) (5) N2 0.0392 (7) 0.0447 (8) 0.0220 (6) −0.0001 (6) 0.0054 (5) 0.0022 (5) C3 0.0426 (9) 0.0429 (9) 0.0194 (7) 0.0006 (7) 0.0023 (6) −0.0011 (6) C4 0.0490 (10) 0.0410 (9) 0.0239 (8) 0.0024 (7) 0.0055 (7) −0.0001 (6) C5 0.0462 (9) 0.0407 (9) 0.0200 (7) −0.0009 (7) 0.0037 (6) −0.0006 (6) C11 0.0421 (9) 0.0405 (9) 0.0201 (7) 0.0012 (6) 0.0069 (6) 0.0062 (6) C12 0.0445 (10) 0.0457 (10) 0.0348 (9) −0.0029 (7) 0.0030 (7) 0.0062 (7) C13 0.0383 (9) 0.0566 (11) 0.0440 (10) 0.0010 (8) 0.0089 (7) 0.0130 (9) C14 0.0493 (10) 0.0578 (11) 0.0305 (8) 0.0125 (8) 0.0157 (7) 0.0105 (8) C15 0.0545 (10) 0.0494 (10) 0.0244 (8) 0.0049 (8) 0.0089 (7) 0.0000 (7) C16 0.0414 (9) 0.0472 (9) 0.0225 (8) 0.0010 (7) 0.0042 (6) 0.0023 (7) C31 0.0435 (9) 0.0464 (9) 0.0208 (7) −0.0012 (7) 0.0035 (6) −0.0020 (6) C32 0.0405 (9) 0.0470 (10) 0.0242 (8) −0.0009 (7) 0.0027 (6) 0.0003 (6) C33 0.0483 (10) 0.0559 (11) 0.0264 (8) −0.0072 (8) 0.0049 (7) 0.0014 (7) C34 0.0454 (10) 0.0680 (13) 0.0327 (9) −0.0014 (9) 0.0133 (7) −0.0058 (8) F34 0.0576 (7) 0.0897 (10) 0.0585 (8) 0.0045 (7) 0.0301 (6) 0.0034 (7) C35 0.0549 (11) 0.0621 (12) 0.0411 (10) 0.0130 (9) 0.0127 (8) −0.0009 (9) C36 0.0553 (11) 0.0503 (10) 0.0309 (8) 0.0079 (8) 0.0112 (7) 0.0030 (7) C51 0.0444 (9) 0.0411 (9) 0.0231 (7) 0.0016 (7) 0.0053 (6) 0.0027 (6) C52 0.0614 (11) 0.0464 (10) 0.0231 (8) −0.0058 (8) 0.0110 (7) −0.0024 (7) C53 0.0599 (11) 0.0453 (10) 0.0307 (8) −0.0106 (8) 0.0070 (8) 0.0001 (7) C54 0.0443 (9) 0.0496 (10) 0.0275 (8) −0.0003 (7) 0.0075 (7) 0.0090 (7) F54 0.0597 (7) 0.0669 (8) 0.0351 (6) −0.0119 (5) 0.0142 (5) 0.0100 (5) C55 0.0565 (11) 0.0540 (11) 0.0223 (7) 0.0019 (8) 0.0115 (7) −0.0003 (7) C56 0.0544 (10) 0.0440 (10) 0.0259 (8) −0.0030 (8) 0.0052 (7) −0.0034 (7) Geometric parameters (Å, º) 
Hydrogen-bond geometry (Å, º)
Cg1 represents the centroid of the C11-C16 ring. 0.0346 (7) 0.0327 (7) 0.0233 (6) 0.0008 (5) −0.0017 (5) 0.0001 (5) N3 0.0333 (6) 0.0434 (7) 0.0263 (5) 0.0033 (5) −0.0026 (5) −0.0034 (5) N4 0.0319 (6) 0.0451 (7) 0.0256 (6) 0.0054 (5) 0.0004 (5) −0.0057 (5) C5 0.0294 (7) 0.0347 (8) 0.0253 (6) 0.0013 (5) 0.0011 (5) −0.0009 (5) C6 0.0301 (7) 0.0356 (8) 0.0260 (6) 0.0030 (5) −0.0028 (5) −0.0038 (5) C21 0.0338 (7) 0.0297 (7) 0.0272 (6) 0.0006 (5) −0.0013 (5) 0.0031 (5) C22 0.0359 (7) 0.0392 (8) 0.0269 (6) −0.0012 (6) 0.0010 (5) −0.0002 (5) C23 0.0342 (7) 0.0448 (9) 0.0355 (7) 0.0022 (6) 0.0045 (6) 0.0027 (6) C24 0.0302 (7) 0.0442 (9) (7) −0.0011 (5) −0.0043 (5) 0.0012 (6) C51 0.0304 (7) 0.0319 (7) 0.0266 (6) 0.0029 (5) 0.0024 (5) −0.0037 (5) C52 0.0350 (7) 0.0360 (8) 0.0312 (7) 0.0028 (6) 0.0035 (5) 0.0022 (6) C53 0.0330 (8) 0.0452 (9) 0.0471 (8) −0.0005 (6) 0.0088 (6) 0.0064 (7) C54 0.0292 (7) 0.0460 (9) 0.0476 (9) 0.0045 (6) −0.0008 (6) 0.0046 (7) (7) 0.0044 (5) 0.0024 (5) −0.0062 (5) O67 0.0331 (6) 0.0672 (8) 0.0376 (6) −0.0033 (5) 0.0072 (4) −0.0105 (5) C61 0.0321 (7) 0.0334 (7) 0.0271 (6) 0.0046 (5) 0.0014 (5) −0.0055 (5) C62 0.0391 (8) 0.0380 (8) 0.0280 (7) −0.0004 (6) 0.0011 (6) −0.0014 (6) C63 0.0373 (8) 0.0434 (9) 0.0388 (8) −0.0056 (6) 0.0026 (6) −0.0046 (6) C64 0.0365 (8) 0.0433 (9) 0.0346 (7) 0.0027 (6) −0.0078 (6) −0.0074 (6) F64 0.0430 (6) 0.0774 (8) 0.0470 (6) −0.0055 (5) −0.0152 (5) −0.0055 (5) C65 0.0475 (9) 0.0463 (9) 0.0262 (7) 0.0045 (7) −0.0011 (6) −0.0011 (6) C66 0.0390 (8) 0.0411 (8) 0.0295 (7) 0.0009 (6) 
D-H···A
